Abstract. Soil mineral weathering is one of the major sources of base cations (BC), which play a dual role for a forest ecosystem; they function both as plant nutrients, and for buffering against acidification of catchment runoff. On a long-term basis, the soil weathering rates will determine the highest sustainable forest productivity without causing acidification. It is believed that the hydrologic residence time plays a key role in determining weathering rates on a landscape scale.
observations of field conditions in the rooting zone over a wide range of soil types and climate zones Kolka et al., 1996; Langan et al., 1995; Sverdrup et al., 1998; Zabowski et al., 2007; Phelan et al., 2014) . However, PROFILE was developed for and is restricted to the unsaturated soil domain, and can furthermore only handle vertical flow. Application of the PROFILE equations for mineral dissolution rates to the saturated zone (Erlandsson et al., 2016) , as well as initial efforts to use ForSAFE for two dimensional simulations of hillslope weathering (Zanchi, 2016) , revealed significant over-prediction 5 of weathering rates below the water table, and over-estimates of Na + and K + -release to the stream, suggesting shortcomings in some aspects of the model.
Aside from differences in the mineral dissolution process, prediction of catchment weathering rates also demands a better understanding of hydrological processes. Catchment hydrology adds process complexity beyond that encountered in the 10 unsaturated zone, requiring descriptions of both vertical and lateral flow. There are also still unresolved issues regarding transit time distributions, flow paths and "immobile water" (McDonell and Beven, 2014; Pinay et al., 2015) . For the weakly buffered glacial till soils covering large parts of the boreal/nemoral vegetation zones, the soil and surface water systems have base cation dissolution rates where acid deposition and/or forest harvest can significantly affect the buffering capacity and nutrient supply (Akselsson et al., 2019) . Due to the strong gradient in soil physical properties, these systems have been problematic to model 15 hydrologically (Amvrosiadi et al., 2017a) . Recently, advances have been made in the development of models able to simulate both runoff and transport of conservative elements from catchments (Ameli et al., 2017) . While the theoretical importance of correctly defining both the water flow system and the chemical dissolution rates has been identified (Maher, 2010) , it remains to be seen how the dissolution rates of specific minerals found in shallow till systems of weakly buffered glacial till soils interact with possible distributions of water fluxes in these environments. 20 It has previously been known that the current PROFILE mineral dissolution equations do not form a complete description of the dissolution process (Rapp and Bishop, 2003) . Specifically, the retarding effect from aqueous silica, a major constituent of silicate minerals, has previously not been included. While this is less important in the unsaturated zone where aqueous silica concentrations are low (typically < 0.3mM), it has been suggested that the over-prediction of weathering in the saturated zone 25 is caused by neglecting the silica effect. In this issue (Sverdrup et al., 2019) , a revised set of PROFILE equations is presented which contain a number of expanded functions, including retardation from silica concentrations. In the present study, we use both the original and the revised PROFILE equations to evaluate how the mineral dissolution rates interact with the water transit time. We utilize a simple 1D reactive-transport model, simulating the dissolution of minerals and the evolution of soil water chemistry along a one-dimensional flowpath created to simulate the movement of a water particle through the saturated 30 zone of a catchment. Given mineralogy and mineral surface area of the soil, the model will produce a unique relationship between WTT and solute concentration for each individual base cation. We then evaluate the results against soil-and stream water data, specifically against how the ratios between different base cations (Ca The mineral specific dissolution rates can generally be written as:
Where r+,i stands for the forward dissolution rate of the i:th reaction, and is a function of the surrounding fluid chemistry, Fi(T)
represents a temperature function for the i:th reaction and g( GR) denotes a chemical affinity function. 10
Forward dissolution rates in the PROFILE model are calculated as the sum of a number of parallel reactions (Sverdrup 1990 , Warfvinge and Sverdrup 1992 , Sverdrup and Warfvinge 1993 :
Where j is the dissolution agent, k is a temperature dependent reaction coefficient, and f is a so-called "brake"-function, which 15 describes a retarding effect on mineral dissolution. In the original version of PROFILE, the terms for four dissolution agents are defined: H + , H2O, CO2 and one organic anion analogue (R -). A fifth dissolution agent, OH -, is known to be potentially important, but has so far been omitted as it believed not to contribute significantly to mineral dissolution in the unsaturated zone.
20
The retarding functions are products of factors defined by concentrations of aquatic species with a retarding effect on mineral dissolution:
where k is an aqueous species which retards the dissolution reaction. Defined in the original version of PROFILE are retarding effects from base cations (BC) and aluminum (Al), and in addition also a self-inhibiting factor for the reaction with R -. There 25 are no brake-functions which apply to the CO2-term, and BC-and Al-brakes are missing from the R --term.
Features of the new PROFILE model
The new version of the PROFILE equations contains several new features (Sverdrup et al., 2019) 2. A "Si-brake", to define the retarding effects from aqueous siliceous acid (referred to as "Si" further on), was applied to all terms. This brake takes the following form:
Where KSi is the silica brake constant, CSi is the lower limiting silica concentration and zSi is the silica brake order. This term will cause weathering rates to decrease with increasing silica concentrations. 5 3. A CO2-brake was applied to the CO2-term to define a saturation limit of the reaction:
Where KCO2 is the CO2-brake constant and zCO2 is the CO2 brake order (which is equal to nCO2, i.e. the reaction order for the CO2-reaction). This term will avoid an unrealistic rise in weathering at high CO2 soil water concentrations. 10 4. BC-and Al-brakes were applied to terms for which they were not defined in the original PROFILE equations, i.e. the CO2-term, the R --term and the OH --term. The parameters of the new terms can be found in Sverdrup et al. (2019) . The new PROFILE equations require aqueous Si to be modelled, in order to make the Si-brakes work properly. Si is known to be retained in the soil, although it is unclear exactly in which form, and the precipitated phases are often poorly identified (Yang and Steefel, 15 2008) . In this study Si and Al were controlled by letting the soil water solution equilibrate against a "kaolinite-like"-phase.
The stoichiometric coefficients x, y and z, and the equilibrium constant were then calibrated so that the modelled Si-WTTrelationship resembled the observed Si-depth-relationship in the soil profile S22 at the study site (see section 2.3.3 below).
Besides this reaction, which removes Al and Si from the soil water solution by precipitation, no secondary phases were 20 considered. In comparison with Al and Si, the soil retention of base cations is small.
Model description
The model is a simplified representation of a one-dimensional flowpath through the saturated zone of a hillslope, where the release of base cations is calculated by simulating how the soil solution chemistry evolves as mineral grains dissolve and 25 precipitate. All calculations were performed with the geochemical code PHREEQC.
The transport through the column was simulated as an advective process. The column was composed of 40 cells, each 1 m in length, thus with a total length of 40 m. Each cell contains (by default in PHREEQC) 1 dm 3 of water, and the total cell volume is thus equal to 1/porosity [dm 3 ]. In each time step, the water in the cell interacts with a specified area of mineral surfaces, 30 which dissolve according to a set of dissolution rate-laws. The model was run for transit times ranging from 1 month to 48 years until steady-state was reached. All column cells are uniform with respect to mineralogy, soil texture, flow velocity, SOIL Discuss., https://doi.org /10.5194/soil-2019- organic carbon content and carbon dioxide pressure. Ion exchange processes and plant uptake are not included in the model.
As the study site is a mature forest with low historic acid deposition, it is likely that the system is close to steady-state with respect to base cation uptake and net exchange.
In the model set-up, precipitation was used as the infilling solution, with a chemical composition calculated as the measured 5 annual bulk deposition (average values years 1999 (average values years -2011 (average values years , Zetterberg et al., 2014 For each cell and time step, the net release of base cations from mineral dissolution (w) of each mineral m was calculated using: 10
Where r is the specific dissolution rate, and SA is the surface area for mineral m.
Assuming that the surface areas of different minerals are proportional to their weight fractions, SAm was calculated according to the formula: 15
where φm is the weight fraction of mineral m, Amin is the total field surface area per kg of minerals, δmin is the mineral density, δorg is the density of organic material, Vu is the unit volume of one model cell, ø is the porosity and LOI is loss-on-ignition, i.e. of fluvioglacial deposits at lower altitudes. The vegetation is dominated by coniferous forests (87 %) and mires (9 %).
Data for input to the model
Input data required to run the model includes: mineralogy, estimated surface area per kg minerals, porosity and loss-onignition. These were all taken from observations at 90 cm depth of a soil profile (S22) located 22 m from the headwater stream 30 C2 on the "S-transect" hillslope study that was established in 1996 (Nyberg et al. 2001) . Porosity equaled 38 %, and loss-on- 
Implementation of dissolution rate-laws
The model was run with three different combinations of dissolution rate laws and mineralogies: SOIL Discuss., https://doi.org /10.5194/soil-2019- 
Model evaluation

Water transit time -solute concentration relationships
Using the original PROFILE dissolution rate equations (model 1), the relationships between WTT and base cation 25 concentrations were nearly linear for all base cations. After four years of WTT, the total base cation concentration at the column outlet equaled 0.76 meq·L -1 .
Using the new PROFILE dissolution equations (model 2), the relationship between WTT and total base cation concentration started at the same trajectory as that calculated from the original equations, but it soon begun to deviate from the linear pattern. 30
After one year of WTT, the total BC concentrations calculated from the new set of equations were 80 % of those calculated with the original equations, and after four years, they were 55 % of those from the original equations. were affected by the relatively strong Si-brake for plagioclase. For these two base cations, the WTT-solute concentration 5 relationship derived from the new set of equations begun to deviate from the linear after c:a one year of WTT.
SOIL
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Model evaluation -silica and base cation concentrations
For the new PROFILE equations (model 2), the stoichiometry and the equilibrium constant for the secondary "kaolinite-like" phase was calibrated so the modelled Si-concentrations approximately matched those of the deep soil profile. The equilibrium 10 between the soil solution and the secondary phase could be written as:
.
. .
( ) . + 4.35 ↔ 1.45 + 2.9 + 6.775
The calibrated equilibrium constant for this reaction was 104.3.
Using these assumptions, the modelled Si-concentrations were within the same range and showing similar trends with 15 increasing WTT as observed in the deep soil profile. A similar comparison between modelled base cation concentrations plotted against WTT, and base cation concentrations from the soil profile plotted against depth also show a good agreement (Fig 4) .
Model evaluation -base cation ratios and water transit time 20
Using the original set of PROFILE equations (model 1), the trends of base cation ratios with increasing WTT were generally opposite to those observed in field data (Fig. 5) improved (model 3). The stronger Si-brake for albite than for bytownite allowed for more Ca 2+ to be released, and the Ca 2+ /BCratio increased steadily throughout the whole simulation period.
The rapid decrease of saturated hydrological conductivity with depth means that the residence time of water also increases rapidly with depth in the soil. And since the water reaching the stream moves to the stream in the saturated soil below the 5 water table (except at the highest flow rates in these catchments) the age of the water in the stream also increases as flow rates decline (Bishop, 1991; Ameli et al., 2016b) . This explains why deeper depths in the soils profile and lower streamflow rates are proxies of water age. The correlation of age to catchment size relates to deeper and longer flow paths in larger catchments (Peralta-Tapia et al., 2015) . 
Hillslope mass balance calculations
The calculated total flux of base cation release from mineral dissolution of the study hillslope was calculated to be 0.23 eq·m -2 ·yr -1 , using the original PROFILE equations. With the new equations, the calculated base cation release was about 50 % lower, 0.12 eq·m -2 ·yr -1 . The latter estimate of base cation release from mineral dissolution is in much better agreement with the hillslope mass balance (see Erlandsson et al., 2016) , especially for Na + and K + (Fig. 6) . The sinks and sources do not equal 15 each other because of unknown terms in the mass balance, such as net ion exchange, uptake by other plants than trees and precipitation of secondary phases. However, when the original PROFILE equations were applied, the source terms are four times larger than the sink terms for Na + and nine times higher for K + .
While the median WTT was 2.1 years, the median "age" of monovalent cations, Na + and K + , was around 3.7 years, i.e., half 20 of the transport of these ions is carried by water older than 3.7 years. For the divalent cations, Ca 2+ and Mg
2+
, the corresponding age was c:a 5.5 years (Fig. 7) . Thus, "old" water is relatively more important for the transport of divalent cations than for monovalent cations.
Discussion 25
Functions of the revised PROFILE equations
The PROFILE model was developed in the late 1980's and is still being used in its original form. While the PROFILE equations demand the determination of many parameters, unique for every mineral, a large majority of the parameters found in the original model formulations were based on empirical studies in the form of single mineral lab-studies of dissolution rates. were added, which are more important in the saturated zone with longer water residence times: The Si-brakes, the OH--term, and the brakes on the CO2-term.
In a catchment perspective, the quantity of weathering products delivered to runoff is a function of the dissolution rate, integrated over the time the soil water is in contact with the mineral surfaces, and the total mineral surface area. With everything 5 else constant, this produced a nearly linear relationship between base cation concentrations and WTT, using the original PROFILE equations. Adding the Si-brake disrupts the linear proportionality between the rate of base cation export and the increase in residence time or mineral surface area. These revisions, however, do not contradict the applicability of the original PROFILE model to the unsaturated zone. The WTT in the unsaturated zone in shallow till soils may of course vary, but would typically be around one year or less in Fennoscandia and other areas with similar glacial till soils and climate regimes (Rohde 10 et al., 1996; Amvrosiadi et al., 2017b) . The calculated difference in base cation release between the original and the new set of PROFILE equations was relatively small at those time scales; the calculated release from the new equations was 81 % of that from the original equations after one year WTT. It has however been noted in previous PROFILE studies that the release of Na + is overestimated (Stendahl et al., 2013; Kronnäs et al., 2019) , and one cause for this may well be due to neglecting the retarding effects on dissolution rates from silica. 15
Base cation rations -similarities and differences between modelled results and observations
In this study we have demonstrated how a model for mineral dissolution kinetics, with a sound theoretical basis in thermodynamics and the transition-state-theory, is able to explain observed patterns of base cation concentration and distribution in a soil profile and stream water from a poorly buffered glacial till catchment. Ideally, the modelled results would 20 have been evaluated against age-determined groundwater samples along the deeper flow paths; such analyses are however not available at this site. Here, we made use of some consistent patterns in how base cation ratios in field observations (Ca 1. K + is the base cation that is involved most in biological cycling (Likens et al., 1994) . It is rapidly taken up and circulated by trees, which is seen in the uppermost part of the profile, where K + /BC is high in the uppermost layer due to high K + -concentrations in throughfall, but very low in the remainder of the unsaturated zone. As the proportion of K + -poor unsaturated flow to runoff decreases with increasing catchment size, the K + /BC-ratio should be expected to increase. 5 2. Although the main K-bearing mineral, K-feldspar, should dissolve at a very slow rate in the saturated zone, there is a possibility that K + is released from the mineral by non-stoichiometric dissolution. This would then be an alteration process rather than a dissolution process. As K + is replaced with other cat ions, either Ca 2+ or Mg 2+ , the mineral is gradually altered from K-feldspar to illite or smectite (Sverdrup, 1990) . This process would thus form a source of K + and a sink of Ca 2+ or Mg 
Irreversibility of primary mineral dissolution
Most weathering models describe the mineral dissolution rate as a function of chemical affinity, where the dissolution rate approaches zero as the mineral approaches equilibrium with the surrounding soil water solution (Aagaard and Helgeson, 1982) .
Thus, the dissolution rate described by these models is the net dissolution rate, i.e. the sum of the forward and backward reaction, which implies that the mineral dissolution reaction is reversible. However, for reactions at low temperature and 20 pressure, the dissolution of primary minerals is irreversible, as the conditions for forming these minerals are simply not present (Sverdrup, 1990; .
The PROFILE model adopts a different philosophy, where the dissolution reaction is not assumed to depend on the chemical affinity. Since no backward reaction is assumed, the PROFILE equations aim to describe only the forward reaction rate, i.e. 25 the pure dissolution reaction. Consequently, these equations allow for minerals to dissolve even if the mineral is apparently saturated with respect to the surrounding soil water solution. As an example, modelled initial dissolution rate for K-feldspar equilibrium is assumed, with a calculated saturation index = 3. According to the new PROFILE equations, the K-feldspar is still dissolving, but at a very low rate of 2.3·10 -16 mol·m -2 ·s -1 , i.e. 5 % of the initial rate.
Conclusions
Revising the mineral dissolution equations of PROFILE is a major step forward in modelling weathering rates on a catchment 5 scale. Our revised equations may now be incorporated into the more complex dynamic ForSAFE model. The PROFILE steadystate approach proposed here is applicable to mineralogically homogenous hillslopes as a tool for estimating element fluxes.
Given measured texture, mineralogy and reasonable WTT based on, for example, isotope data, it is a valuable tool for studying hillslope and catchment chemistry in the boreal zone of mature forest systems.
10
For a more complete description of base cation release from catchments, especially on a longer time perspective, a kinetic description of the gradual transformation from primary to secondary minerals would be useful. While the chemical sequence for such mineral alterations, for example feldspars to illite, or biotite to vermiculite, are known (Sverdrup et al., 2019) , the kinetics are not, and this would probably require a calibration approach as well as data from catchments with substantially older water fractions than the ones studied here. 15
As the revised PROFILE equations otherwise mostly reproduced base cation concentrations and ratios in the saturated zone correctly, the next step is to test these equations in a model that produces stream runoff., thus making the link from the unsaturated zone to groundwater and runoff from an entire catchment. The two-dimensional version of ForSAFE (Zanchi, 2016) would allow for this, as this is a dynamic model of biogeochemical cycling that has been developed from PROFILE, 20 and its one-dimensional, steady state conceptualization. This would be a major improvement on the mass-balance approaches currently used to define critical loads for surface waters. These mass balances are highly uncertain when using directly observed inputs and outputs, even with a decade or two of measurements (Simonsson et al., 2015; Akselsson et al., 2019) . The mass balance methods also fail to address feedback mechanisms on chemical weathering. For example, tree uptake and deposition affect soil water pH, aluminum and base cation concentrations, all of which effect mineral dissolution rates 25 (Erlandsson et al., 2016) . Climate change affects both soil temperature and moisture, which will also impact mineral dissolution (Akselsson et al., 2016) . The recent development of a two-dimensional version of ForSAFE in combination with these revised weathering equations would allow for modelling the interactions and feedbacks between trees, soils and runoff, thereby making it possible such processes, including the impact of forestry practices on surface water quality. 
